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Abstract
Coreshine in dense molecular cloud cores (dense cores) is interpreted as evidence for micrometer-sized grains (referred to as very
large grains, VLGs). VLGs may have a significant influence on the total dust amount and the extinction curve. We estimate
the total abundance of VLGs in the Galaxy, assuming that dense cores are the site of VLG formation. We find that the VLG
abundance relative to the total dust mass is roughly φVLG ∼ 0.01(1 − ǫ)/ǫ(τSF/5 × 109 yr)−1( fVLG/0.5)(tshat/108 yr), where ǫ is the
star formation efficiency in dense cores, τSF the timescale of gas consumption by star formation, fVLG the fraction of dust mass
eventually coagulated into VLGs in dense cores, and tshat the lifetime of VLGs (determined by shattering). Adopting their typical
values for the Galaxy, we obtain φVLG ∼ 0.02–0.09. This abundance is well below the value detected in the heliosphere by Ulysses
and Galileo, which means that local enhancement of VLG abundance in the solar neighborhood is required if the VLGs originate
from dense cores. We also show that the effects of VLGs on the extinction curve are negligible even with the upper value of the
above range, φVLG ∼ 0.09. If we adopt an extreme value, φVLG ∼ 0.5, close to that inferred from the above spacecraft data, the
extinction curve is still in the range of the variation in Galactic extinction curves, but is not typical of the diffuse ISM.
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1. Introduction
Dust grains play an essential role in some fundamental physi-
cal processes in the interstellar medium (ISM). First, they dom-
inate the radiative transfer of stellar light in the ISM. In partic-
ular, the extinction curve, that is, the wavelength dependence
of optical depth for dust absorption plus scattering is known
to reflect the dust materials (e.g., Hoyle and Wickramasinghe,
1969) and grain size distribution (e.g., Mathis et al. 1977, here-
after MRN; Draine 2003). Second, the dust surface is the main
site for the formation of some molecular species, especially
H2 (e.g., Gould and Salpeter, 1963; Cazaux and Tielens, 2002).
The rate of dust surface reaction is proportional to the total sur-
face area of dust grains (e.g., Hollenbach and Salpeter, 1971;
Yamasawa et al., 2011). Since the extinction curve and the to-
tal grain surface area both depend strongly on the grain size
distribution, clarifying the regulating mechanism of grain size
distribution is of particular importance in understanding those
important roles of dust in the ISM.
MRN showed that a mixture of silicate and graphite with
a grain size distribution (number of grains per grain radius)
proportional to a−3.5, where a is the grain radius (a = 0.001–
0.25 µm), reproduces the Milky Way extinction curve. This
size distribution is referred to as the MRN size distribution.
Kim et al. (1994) and Weingartner and Draine (2001) made
more detailed models of the Milky Way extinction curve. In
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both of these models, the abundance of grains whose radii are
beyond the maximum in the MRN size distribution (0.25 µm)
is so low that the contribution of such large grains to the total
dust mass is negligible.
The existence of micrometer (µm)-sized grains is suggested
in dense molecular cloud cores (called dense cores in this pa-
per). The so-called “coreshine” refers to emission in the mid-
infrared (especially the 3.6-µm Spitzer Infrared Array Cam-
era (IRAC) band) from deep inside dense cores of molecu-
lar clouds (Steinacker et al., 2010; Pagani et al., 2010). It is
detected in about half of the cores studied by Pagani et al.
(2010). The emission is interpreted as light scattered by dust
grains with typical sizes of ∼ 1 µm, which is much larger than
the maximum grain radius in the diffuse interstellar medium
(∼ 0.25 µm; MRN). We refer to µm-sized grains as “very large
grains (VLGs)” in this paper.
Formation of VLGs by coagulation in dense cores has been
theoretically investigated by Hirashita and Li (2013) (see also
Ormel et al., 2009, 2011). Based on the timescale on which
grains grow up to µm sizes by coagulation, they argued that
dense cores are sustained over several free-fall times. Since
their main aim was to constrain the lifetime of dense cores, the
impact of VLG formation on the grain size distribution in the
entire ISM was beyond their scope. A certain fraction of VLGs
formed in dense cores may be injected into the diffuse ISM
when the dense cores disperse. Efficient formation of VLGs
would contradict the MRN grain size distribution in which the
maximum grain radius is ∼ 0.25 µm. Thus, based on an esti-
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mation of the total abundance of VLGs in the Milky Way, we
examine the consistency between the formation of VLGs sug-
gested by coreshine and the Galactic extinction curve (or the
MRN grain size distribution). In this paper, the abundance of
VLGs stands for the ratio of the total VLG mass to the total dust
mass (including VLGs), and is denoted as φVLG (see Section 2).
By definition, 0 ≤ φVLG ≤ 1.
There are some indications that VLGs exist in the ISM. One
of the indications of interstellar VLGs is provided by mete-
orites. Large interstellar grains (> 1 µm) are known to exist
in chondritic meteorites. Such grains were identified based on
their extremely anomalous (way off from the average solar sys-
tem isotope ratios) isotopic compositions (Clayton and Nittler,
2004). This implies that interstellar dust grains must have
resided and survived in a dense core that ended up forming the
solar system.
Another indication of interstellar VLGs comes from direct
detection of interstellar grains in the heliosphere by Ulysses and
Galileo. These experiments have shown that the volume mass
density of VLGs is comparable to the total dust volume mass
density derived from the typical dust-to-gas ratio in the diffuse
ISM in the Galaxy (Landgraf et al., 2000; Kru¨ger et al., 2007;
Frisch and Slavin, 2013). This seems contradictory to the above
grain size distribution derived by MRN, who found that most of
the dust grains have radii less than 0.25 µm. Thus, it has been
argued that the density of VLGs is enhanced in the solar neigh-
borhood (Draine, 2009; Frisch and Slavin, 2013). Nevertheless,
it is still interesting to compare the VLG abundance expected
from the formation in dense cores with the measurements, in
order to quantify what fraction of the observed VLGs can be
explained by the formation in dense cores.
We may also need to consider stellar sources of dust grains,
especially asymptotic giant branch (AGB) stars and supernovae
(SNe) for the production of VLGs. Indeed, the size distribu-
tion of grains produced by AGB stars is suggested to be biased
toward large (& 0.1 µm) sizes from the observations of spec-
tral energy distributions (Groenewegen, 1997; Gauger et al.,
1999; Norris et al., 2012), although Hofmann et al. (2001)
showed that the grains are not single-sized. Theoretical stud-
ies have also shown that the dust grains formed in the winds
of AGB stars have typical sizes & 0.1 µm (Winters et al.,
1997; Yasuda and Kozasa, 2012). SNe (Type II SNe) are
also considered to produce relatively large (> 0.01 µm)
grains because small grains are destroyed by reverse shocks
before they are ejected into the ISM (Nozawa et al., 2007;
Bianchi and Schneider, 2007). However, the timescale of
dust supply from stars is longer than the shattering timescale
(Hirashita, 2010) by an order of magnitude. Therefore, even if
VLGs are supplied from stars, they probably fail to survive in
the ISM. In this paper, we do not treat the stellar production of
VLGs because of the difficulty in their survival, but focus on
their formation in dense cores, motivated by the new evidence
of VLGs – coreshine.
In this paper, we estimate the abundance of VLGs in the
Galaxy, assuming that dense cores are the main sites for the
formation of VLGs. This paper is organized as follows. In Sec-
tion 2, we formulate and estimate the abundance of VLGs in
the Galaxy. In Section 3, we compare our estimates with some
observations. In Section 4, we discuss our results and implica-
tions for the dust evolution in galaxies. In Section 5, we give
our conclusions.
2. Estimate of the total VLG mass
2.1. Formation rate of VLGs in the Galaxy
We estimate the supply rate of VLGs (µm-sized grains) in
the Galaxy. Motivated by coreshine as evidence of VLGs in
dense cores, we examine the hypothesis that dense cores are
the main sites for the formation of VLGs in the Galaxy (see
also Introduction). We assume that all dense molecular cloud
cores (dense cores) eventually convert a significant fraction of
dust grains into VLGs by coagulation after their lifetimes. The
formation rate of VLGs (the total mass of VLGs is denoted as
MVLG) in dense cores in the Galaxy, [dMVLG/dt]form, is esti-
mated as[
dMVLG
dt
]
form
≡
XcoreMdust(1 − φVLG) fVLG(1 − ǫ)
τcore
, (1)
where Xcore is the mass fraction of dense cores to the total gas
mass, Mdust is the total dust mass in the Galaxy (XcoreMdust
is the total dust mass contained in the dense cores), φVLG ≡
MVLG/Mdust is the ratio of the VLG mass to the total dust mass
(the factor 1−φVLG means that we need to subtract the dust that
has already become VLGs), fVLG is the fraction of dust that is
eventually coagulated to µm sizes in the dense cores, ǫ is the
star formation efficiency in the dense cores (the factor 1 − ǫ
means that the gas that is not included in stars is assumed to
be dispersed into the ISM), and τcore is the lifetime of dense
core (i.e., the timescale of VLG formation). Note that Eq. (1)
should not be regarded as an ordinary differential equation, but
just gives an estimate for the VLG formation rate. Since dense
cores are also the sites of star formation, the star formation rate
of the Galaxy is estimated by dividing the total gas mass con-
tained in the dense cores with their lifetime (i.e., the timescale
of star formation):
ψ =
ǫXcore Mgas
τcore
, (2)
where Mgas is the total gas mass in the Galaxy (XcoreMgas is the
total gas mass in dense cores). This equation converts the core
formation rate (XcoreMgas/τcore) to the star formation rate, and
serves to eliminate the core formation rate, which is unknown
observationally compared with the star formation rate. By in-
troducing the dust-to-gas ratio, D ≡ Mdust/Mgas and using Eq.
(2), we obtain
Xcore
τcore
=
Dψ
ǫMdust
. (3)
Inserting Eq. (3) into Eq. (1), we finally get the following esti-
mate for the VLG formation rate:[
dMVLG
dt
]
form
=
1 − ǫ
ǫ
D(1 − φVLG)ψ fVLG. (4)
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This VLG formation rate could be implemented in a larger
framework of dust enrichment, which is capable of calculating
the evolution of the total dust mass in the Galaxy, to calculate
the evolution of MVLG in a consistent way with Mdust or D.
However, this is not necessary for the purpose of estimating the
total VLG mass in the Galaxy. The timescale of dust enrich-
ment (i.e., the timescale of the variation of Mdust or D) in the
Galaxy is roughly the metal-enrichment timescale (∼ several
Gyr) (e.g. Dwek, 1998; Zhukovska et al., 2008; Inoue, 2011;
Asano et al., 2013a), which is much longer than the lifetime of
VLGs (typically determined by the shattering timescale ∼ 108
yr; Hirashita 2010). Therefore, we can assume that Mdust and
D are constant within the lifetime of VLGs. In such a case, the
total mass of VLGs can be approximately estimated as follows.
It is shown that µm-sized grains are shattered in the diffuse
ISM by grain–grain collisions under the grain motion induced
by turbulence (Yan et al., 2004; Hirashita, 2010). Shattering
also occurs in supernova shocks (Jones et al., 1996). Thus, we
assume that the lifetime of VLGs is determined by the shat-
tering timescale, tshat (∼ 108 yr; Hirashita 2010). The de-
struction rate of VLGs can thus be approximately estimated as
MVLG/tshat, and the equilibrium between the VLG formation
and destruction is achieved on a timescale of ∼ tshat. Since,
as mentioned above, tshat is much shorter than the evolution
timescale of the dust mass, the variation of D in tshat can be
neglected. Therefore, the total mass of VLGs in the Galaxy
is estimated by the equilibrium between the formation and de-
struction under a fixed D:
MVLG ∼
[
dMVLG
dt
]
form
· tshat
=
1 − ǫ
ǫ
D(1 − φVLG)ψ fVLGtshat. (5)
2.2. Estimates of various quantities
We adopt dust-to-gas ratio D = 0.01, the same value as
adopted in our previous calculations of coagulation in dense
cores (Hirashita and Li, 2013). The star formation rate in the
Galaxy can be estimated from the total luminosity of OB stars.
Hirashita et al. (2007) obtained a star formation rate of 1.3
M⊙ yr−1 based on the total OB star luminosity derived observa-
tionally by Mathis et al. (1983). According to Hirashita and Li
(2013), almost all the dust mass is in VLGs after coagulation
in dense cores. Here we conservatively assume that half of
the dust mass is converted to VLGs after coagulation in dense
cores (i.e., fVLG = 0.5). For tshat, we adopt 108 yr accord-
ing to Hirashita (2010), who considered shattering under the
grain motion driven by interstellar turbulence. As calculated by
Jones et al. (1996), shattering can also take place in supernova
shocks. Even if the supernova shocks are the main site of shat-
tering (Jones et al., 1996), a similar timescale is obtained for
shattering (Section 4.3).
Using the above values, we obtain
MVLG ∼ 5 × 105 (1 − φVLG) 1 − ǫ
ǫ
(
D
0.01
)
×
(
ψ
1 M⊙ yr−1
) ( fVLG
0.5
) (
tshat
108 yr
)
M⊙. (6)
For comparison, we also estimate the total dust mass. The total
gas mass in the Milky Way is Mgas ∼ 5 × 109 M⊙ (Mathis,
2000; Tielens, 2005). By multiplying the dust-to-gas ratio, the
dust mass is estimated as
Mdust = MgasD ∼ 5 × 107
(
D
0.01
) (
Mgas
5 × 109 M⊙
)
M⊙. (7)
Dividing Eq. (6) with Eq. (7), we obtain the following expres-
sion by recalling that φVLG = MVLG/Mdust:
φVLG
1 − φVLG
= 0.01 1 − ǫ
ǫ
(
τSF
5 × 109 yr
)−1 ( fVLG
0.5
) (
tshat
108 yr
)
, (8)
where τSF ≡ Mgas/ψ is the star formation (gas consumption)
time. The star formation efficiency ǫ in molecular cloud cores
is around 0.1–0.3 (Alves et al., 2007; Curtis and Richer, 2010;
Lada et al., 2010). Thus, we can assume that φVLG ≪ 1 in the
Galaxy. In this case, we simply replace the left-hand side of Eq.
(8) with φVLG.
3. Comparison with observational data
3.1. Direct detection
Interstellar dust grains with radii a & 0.1 µm can be de-
tected directly in space (Mann, 2009). In Fig. 1, we show
the grain mass distribution for interstellar grains in the he-
liosphere observed by the Ulysses and Galileo spacecraft
(Frisch and Slavin, 2013). Small grains with typically a <
0.1 µm are excluded from heliospheric plasma because of large
charge-to-mass ratios. Thus, we are only interested in the data
at a > 0.1 µm.
In Fig. 1, we also plot the grain mass distribution calculated
by Hirashita and Li (2013) but scaled so that the total mass
density of VLGs is φVLGDµmHnH, where µ is the gas mass
per hydrogen atom (1.4), mH is the mass of hydrogen atom,
nH = 0.1 cm−3 is the number density of hydrogen nuclei in the
local ISM (Frisch and Slavin, 2013). Draine (2009) adopted
nH = 0.22 cm−3, but the difference by a factor of 2 does not
affect the conclusions. The functional form of the distribution
is taken from the maximal coagulation model with a number
density of hydrogen nuclei of 105 cm−3 at t = 5.5tff (tff is the
free-fall time), when the peak is located at a = 1 µm. The peak
roughly reflects the mass density of VLGs, and is not sensitive
to the choice of t in any case. From Eq. (8), we adopt VLG-to-
total-dust mass ratio φVLG = 0.01(1 − ǫ)/ǫ with star formation
efficiency ǫ = 0.1–0.3 (Section 2.2). Note that the grain mass
distribution is expressed as m2n(m) = (4πρgr/9)n′(a)a4, where
ρgr is the grain material density, and n′(a) is the grain size dis-
tribution,1 which is related to n(m) by n(m) dm = n′(a) da. We
adopt the same grain material density, ρgr = 3.3 g cm−3, as in
Hirashita and Li (2013).
As we observe in Fig. 1, the mass density of VLGs expected
with φVLG ∼ 0.02–0.09 (for ǫ = 0.3–0.1) is much lower than
1The grain size distribution is defined so that n′(a) da is the number density
of dust grains with radii between a and a + da.
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Figure 1: Grain mass distributions. The solid and dashed lines show the grain
mass distributions calculated by Hirashita and Li (2013), but scaled with the
total VLG abundance appropriate for ǫ = 0.1 and 0.3, respectively. The dotted
line shows the MRN distribution, which is considered to be representative of
the grain size distribution in the diffuse ISM. The data taken by the Ulysses and
Galileo spacecraft are represented by the shaded area, the width of which shows
the typical error (Frisch and Slavin, 2013). The corresponding grain radii are
also shown on the upper axis with grain material density 3.3 g cm−3.
observed in space. This means that the large mass density
observed in the heliosphere cannot be explained by the abun-
dance of VLGs formed in dense cores. From the analysis of
their velocities, the VLGs detected in space are not likely to be
the remains of the large grains that were produced by coagu-
lation in the dense core inside which the Solar System formed
(Howe and Rafikov, 2013). If dense cores are the site of VLG
formation, we need some mechanism of enhancing the VLG
abundance locally to explain the spacecraft data. The physical
mechanism of such an enhancement is still unknown (Draine,
2009).
For comparison, we also show the MRN (Mathis et al., 1977)
grain size distribution (n′(a) ∝ a−3.5, with the upper and lower
limits of grain radius, 0.001 µm and 0.25 µm, respectively). The
normalization of the MRN grain size distribution is determined
so that the total dust mass density is DµmHnH with dust-to-gas
ratio D = 0.01. This MRN size distribution is representative of
the grain size distribution in the diffuse ISM of the Galaxy. The
abundance of VLGs expected from star formation efficiency ǫ =
0.1–0.3 is well below the extrapolation of the MRN grain size
distribution to a ∼ 1 µm. This is consistent with a small VLG-
to-total-dust mass ratio, φVLG ≪ 1; that is, VLGs make only a
small contribution to the total dust mass in the Galaxy.
3.2. Extinction curves
The wavelength dependence of interstellar extinction, the so-
called extinction curve, is a viable tool to derive the grain size
distribution. The MRN size distribution was derived by fitting
the averaged interstellar extinction curve in the Milky Way. For
the MRN size distribution, the upper limit of the grain radius is
0.25 µm. Here we examine if the inclusion of VLGs is consis-
tent with the Galactic extinction curve or not.
A possible caveat of extinction curve fitting is that the so-
lution is not unique. For example, MRN adopted graphite for
the carbonaceous material because of the strong 2175 Å bump,
while Jones (2012) proposed hydrogenated amorphous carbon.
Compie`gne et al. (2011) used the latter species for the carbona-
ceous dust component and reproduced both the extinction and
emission of dust in the Galaxy. The relative contribution be-
tween silicate and carbonaceous dust also depends on the ma-
terial properties adopted. Therefore, strictly speaking, adopting
a specific model reproducing the extinction curve means that
the following result only serves as an example of the effects of
VLGs. However, our results below are valid at least qualita-
tively as long as large grains tend to show flat extinction curves
in the optical and the 2175 Å bump is produced by small grains.
We assume that grains are composed of two species: sil-
icate and graphite. Extinction curves are calculated by us-
ing the same optical properties of silicates and graphite as in
Hirashita and Yan (2009). That is, we adopt the optical con-
stants from Draine & Lee (1984) and calculate extinction cross-
sections by the Mie theory (Bohren and Huffman, 1983). The
cross-sections are weighted by the grain size distributions, and
summed up for silicate and graphite. The fraction of silicate to
the total dust mass is assumed to be 0.54, and the rest is as-
sumed to be graphite (Takagi et al., 2003; Hirashita and Yan,
2009). The contributions from the MRN size distribution
and from the VLGs to the total extinction are proportional to
(1 − φVLG) and φVLG, respectively.
In Fig. 2, we show the results. The extinction is normalized
to the V band (0.55 µm), and the normalized extinction at wave-
length λ is denoted as Aλ/AV . We find that, even for star forma-
tion efficiency ǫ = 0.1 (equivalent to VLG-to-total-dust mass
ratio φVLG = 0.09), there is only a slight difference from the ex-
tinction curve for the MRN model2 with a little enhancement in
infrared extinction, and slightly lower carbon bump and ultra-
violet extinction. All these differences can be explained by the
contribution from VLGs, as is clear from the extinction curve of
the VLG component (dashed line in Fig. 2). However, the dif-
ference is negligible compared with the typical variation in the
Milky Way (Nozawa and Fukugita, 2013). RV ≡ AV/(AV −AB),
which is an indicator of the flatness of extinction curve, is 3.6
and 3.7 for MRN and ǫ = 0.1, respectively. For ǫ = 0.3, the
difference is even smaller. Therefore, our estimate of the VLG
abundance is within the acceptable range as far as the variation
of extinction curve is concerned.
We also show an extreme case where φVLG = 0.5, consider-
ing that the above Ulysses and Galileo data show a mass den-
2The extinction curve calculated by the MRN model has some deviations
from the observational data taken from Pei (1992): one is seen around 1/λ ∼
6 µm−1 and another is the different value of RV (note that the mean value of RV
is 3.1 (Pei, 1992). However, the overall shape of the observed mean extinction
curve (shown by filled squares in Fig. 2) is well reproduced by the MRN grain
size distribution, and further fine-tuning does not affect the discussions and
conclusion in this paper.
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sity of VLGs comparable to the total dust mass density in the
diffuse ISM (i.e., the MRN component in Fig. 1). The devi-
ation from the mean Galactic extinction curve is clear in this
case. For this extinction curve, we obtain RV = 4.6, which
is still in the range of the variation in the Milky Way extinc-
tion curve, but is not typical of the diffuse ISM (Cardelli et al.,
1989; Fitzpatrick and Massa, 2007). This again supports the
view that the high VLG abundance is due to local enhance-
ment. Draine (2009) also calculated the extinction curve based
on Weingartner and Draine (2001)’s model modified for the
Ulysses and Galileo measurements. They obtained RV = 5.8,
the difference from our models being due to their higher abun-
dance of VLGs. They also conclude that the large excess of
µm-sized interstellar grains in the heliosphere is not represent-
ing the typical diffuse medium in the Milky Way but is probably
due to local enhancement of VLG abundance.
Figure 2: Extinction curves. The solid and dot-dashed lines show the extinction
curves calculated for φVLG = 0.09 (corresponding to ǫ = 0.1) and φVLG = 0.5
(as an extreme case, based on the Ulysses and Galileo data), respectively. The
dotted and dashed lines show the extinction curves for the MRN and VLG com-
ponents, respectively. The filled squares show the observed Galactic extinction
curve taken from Pei (1992).
4. Discussion
4.1. In the context of galaxy evolution
The above estimate of φVLG (the VLG-to-total-dust mass ra-
tio) is applicable to the Milky Way. Galaxies in general are
expected to have a variety in φVLG. The central hypothesis in
this paper is that VLGs form in dense cores. This is probably
true in solar-metallicity environments where dust-to-gas ratio is
large enough for coagulation to occur efficiently in dense cores.
In contrast, in a galaxy whose dust-to-gas ration is lower, coag-
ulation in dense cores may not be efficient enough to produce
VLGs; in other words, fVLG is smaller if dust-to-gas ratio (or
metallicity) is lower. Since dust-to-gas ratio has a positive cor-
relation with metallicity (Schmidt and Boller, 1993), we expect
that φVLG is smaller in lower-metallicity galaxies.
Asano et al. (2013b) showed that the major source of grains
with a > 0.1 µm is stars (SNe and AGB stars) in low-metallicity
(or low-dust-to-gas-ratio) environments. Therefore, if coagula-
tion is not efficient, we expect that most of the VLGs (if they
exist) are of stellar origin. As mentioned in Introduction, the
size distributions of grains produced by AGB stars and SNe are
suggested to be biased toward large (& 0.1 µm) sizes. How-
ever, there is still an uncertainty in the size distribution of dust
grains formed in stellar ejecta. For more quantitative estimates
of relative importance between stellar VLGs and dense-core
VLGs, we need to construct a framework that takes into ac-
count all dust formation and destruction mechanisms as done
by Asano et al. (2013b). Since they did not include VLG for-
mation in dense cores, it is necessary to implement it into their
framework in the future.
The stellar origin of VLGs is worth considering further. As
mentioned in Introduction, large interstellar grains (> 1 µm)
exist in chondritic meteorites. Given their large isotope anoma-
lies that are reflective of stellar nucleosynthesis processes
(Clayton and Nittler, 2004), the grains may have formed in stel-
lar ejecta. However, it is unlikely that grains formed in stellar
ejecta have such a high abundance as observed by the space-
craft, since the timescale of dust supply from stellar sources
is likely to be longer than the destruction timescale by shatter-
ing (Hirashita, 2010) and sputtering (McKee, 1989; Jones et al.,
1996). Recently, Jones and Nuth (2011) have suggested that
the lifetime of silicate dust is comparable to the destruction
timescale, which means that the possibility of VLG formation
in stellar ejecta is still worth investigating.
The existence of VLGs can have a significant influence on
the extinction curve if there is local enhancement of VLG abun-
dance as indicated by the spacecraft missions (see the case of
φVLG = 0.5 in Fig. 2). Thus, if we are concerned with the lo-
cal variation of extinction curves, the contribution from VLGs
should be taken into account. On global scales of a galaxy, in
contrast, the abundance of VLGs is not high enough to affect
the extinction curve, as long as the values of the parameters in
Eq. (8) are similar to the Galactic values.
The far-infrared spectral energy distribution is also affected
by the existence of VLGs. The equilibrium temperature (Teq)
of a dust grain depends on the grain radius as Teq ∝ a1/(β+4),
where β(∼ 2) is the power-law index of the mass absorption co-
efficient κν as a function of frequency ν, κν ∝ νβ (Evans, 1994).
Because of this dependence, VLGs tend to be colder than “nor-
mal” grains with a . 0.1 µm. If the abundance of VLGs is
high, we should consider a significant contribution from such a
“cold” dust component.
4.2. Star formation efficiency in dense cores
The star formation efficiency in dense cores, ǫ, is a key factor
for the VLG-to-total-dust mass ratio φVLG. It enters our formu-
lation in two ways. The first is through Eq. (1), in which the
factor (1 − ǫ) expresses the fraction of dust that is not included
in stars formed in dense cores. The second is through Eq. (2),
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which connects the core formation rate to the star formation
rate. As a result, φVLG ∝ (1 − ǫ)/ǫ (as long as φVLG ≪ 1). If
ǫ is nearly unity, φVLG ∼ 0, which means that all VLGs once
formed in dense cores are eventually included in stars. In con-
trast, if ǫ . 0.01, φVLG ∼ 1. This corresponds to a case in
which the total mass of dense cores is large.
The volume density of VLGs measured by Ulysses and
Galileo is comparable to that of the entire dust population ex-
pected from the dust-to-gas ratio in the ISM,D = 0.01 (MRN in
Fig. 1). For example, φ = 0.5 corresponds to ǫ = 0.01, indicat-
ing an extremely low star formation efficiency. Considering that
star formation efficiencies observationally estimated for dense
cores are ∼ 0.1–0.3 (Section 2.2), the high VLG abundance is
probably due to local enhancement (see also Section 3.2).
4.3. Variation of other parameters
In galaxies, τSF and tshat may also change. The gas con-
sumption time τSF ranges from ∼ 108 yr to ∼ 1011 yr for
nearby galaxies (Kennicutt, 1998). In a starburst galaxy with
τSF ∼ 108 yr, if we adopt ǫ = 0.1, fVLG = 0.5 and tshat = 108 yr,
we obtain φVLG ≃ 0.8. This large value is due to the enhanced
formation rate of dense cores. Therefore, the abundance of
VLGs can be enhanced in starburst galaxies.
If the typical dust size in starburst galaxies is really large
and VLGs are continuously supplied there, it may have impor-
tant consequence for the dust destruction efficiency by sputter-
ing. Since the timescale of dust destruction by thermal sputter-
ing is proportional to the grain size (Draine & Salpeter, 1979),
the VLGs survive longer than smaller grains. In particular, ex-
treme starbursts at high redshift seems to have more dust than
can be produced by stars with a dust lifetime expected for the
“normal-sized” grains (Valiante et al., 2011; Mattsson, 2011).
The discrepancy is explained by grain growth through accre-
tion of gas-phase metals in the ISM (Michałowski et al., 2010;
Mattsson, 2011; Valiante et al., 2011; Kuo & Hirashita, 2012).
However, if the VLGs dominate the total dust mass, their longer
survival would make the discrepancy smaller, requiring less
grain growth than is thought in previous studies. This is also
true for nearby starburst galaxies.
However, in starburst galaxies, shattering may also be effi-
cient. Grains acquire larger velocities in the ionized medium
than in the neutral medium because less dissipative magneto-
hydrodynamic nature of the ionized medium leads to more ef-
ficient gyroresonance (resonance between the magnetohyrody-
namical waves with the gyromotion of a grain) acceleration of
grains (Yan et al., 2004; Hirashita and Yan, 2009). As a result,
tshat is shorter in the ionized medium. Therefore, if the ISM
is highly ionized as a result of high star formation activities
in starburst galaxies, tshat may decrease, compensating the de-
crease of τSF in Eq. (8).
In this paper, we have considered turbulence as the source of
grain motion for shattering. Shattering also occurs in supernova
shocks (Jones et al., 1996). Hirashita et al. (2010) showed that
shattering in supernova shocks is as efficient as shattering in tur-
bulence. They derived the timescale of shattering in supernova
shocks ∼ 0.01τSF, which gives the same order of magnitude as
tshat above. If we adopt this expression, the dependence of φVLG
on τSF cancels out (Eq. 8). Therefore, if supernova shocks are
the main site of shattering, the VLG abundance is insensitive to
the star formation activity.
In summary, it is not clear if the abundance of VLGs in-
creases or decreases in starburst galaxies. Nevertheless, the
expression in Eq. (8) is useful to understand the dependence
of the VLG abundance on star formation activity and shattering
timescale.
5. Conclusion
We have estimated the abundance of very large grains
(VLGs), whose radii are typically & 1 µm, in the Galaxy.
Coreshine in dense molecular cloud cores (dense cores) is
taken as evidence for such VLGs. Assuming that VLGs are
formed in dense cores, we have estimated the abundance of
VLGs in the Galaxy. The VLG abundance relative to the to-
tal dust mass is estimated as φVLG ∼ 0.01(1 − ǫ)/ǫ(τSF/5 ×
109 yr)−1( fVLG/0.5)(tshat/108 yr), where ǫ is the star formation
efficiency in dense cores, τSF is the timescale of gas consump-
tion by star formation, fVLG is the fraction of dust mass eventu-
ally coagulated into VLGs in dense clouds, and tshat is the life-
time of VLGs (determined by shattering). Adopting typical star
formation efficiencies ǫ ∼ 0.1–0.3, we obtain φVLG ∼ 0.02–
0.09 for the Galaxy. This abundance is well below the value
detected by Ulysses and Galileo. Thus, if the VLGs originate
from dense cores, local enhancement of VLG abundance in
the solar neighborhood is necessary. We have also examined
the effect of VLGs on the extinction curve, finding that the ef-
fect is negligible even with the upper value of the above range,
φVLG ∼ 0.09. With φVLG ∼ 0.5, which is near the value of the
above spacecraft data, the extinction curve is still in the range of
the variation in Galactic extinction curves, but is not typical of
the diffuse ISM. This again supports the idea that the high VLG
abundance in the heliosphere is due to local enhancement. Fi-
nally, it is worth noting that the explicit dependence of φVLG on
τSF, fVLG, and tshat, can be used to estimate the VLG abundance
in galaxies as well as in the Milky Way.
Acknowledgment
We are grateful to B. T. Draine and the anonymous refer-
ees for helpful discussions and comments. HH is supported
from NSC grant NSC102-2119-M-001-006-MY3. RSA is sup-
ported from the Grant-in-Aid for JSPS Research under Grant
No. 23-5514. TN is supported by the Grant-in-Aid for Scien-
tific Research of the Japan Society for the Promotion of Science
(22684004, 23224004). ZYL is supported in part by NSF AST-
1313083 and NASA NNX10AH30G grants.
References
Alves, L., Lombardi, M., Lada, C. J., 2007. The mass function of dense molec-
ular cores and the origin of the IMF. Astron. Astrophys. 462, L17–L21.
Asano, R. S., Takeuchi, T. T., Hirashita, H., Inoue, A. K., 2013a. Dust formation
history of galaxies: A critical role of metallicity for the dust mass growth by
accreting materials in the interstellar medium. Earth Planets Space 65, 213–
222.
6
Asano, R. S., Takeuchi, T. T., Hirashita, H., Nozawa, T., 2013b. What deter-
mines the grain size distribution in galaxies? Mon. Not. R. Astron. Soc.
432, 637–652.
Bianchi, S., Schneider, R., 2007. Dust formation and survival in supernova
ejecta. Mon. Not. R. Astron. Soc. 378, 973–982.
Bohren, C. F., Huffman, D. R., 1983. Absorption and scattering of light by
small particles. Wiley, New York.
Cardelli, J. A., Clayton, G. C., Mathis, J. S., 1989. The relationship between
infrared, optical, and ultraviolet extinction. Mon. Not. R. Astron. Soc. 345,
245–256.
Cazaux, S., Tielens, A. G. G. M., 2002, Molecular hydrogen formation in the
interstellar medium. Astrophys. J. 575, L29–L32.
Clayton, D. D., Nittler, L. R., 2004. Astrophysics with presolar stardust. Annu.
Rev. Astron. Astrophys. 42, 39–78.
Compie`gne, M., Verstraete, L., Jones, A., Bernard, J.-P., Boulanger, F., Flagey,
N., Le Bourlot, J., Paradis, D., Ysard, N., 2011. The global dust SED: trac-
ing the nature and evolution of dust with DustEM. Astron. Astrophys. 525,
A103.
Curtis, E. I., Richer, J. S., 2010. The properties of SCUBA cores in the Perseus
molecular cloud: the bias of clump-finding algorithms. Mon. Not. R. Astron.
Soc. 402, 603–619.
Draine, B. T., 2003. Interstellar Dust Grains. Ann. Rev. Astron. Astrophys. 41,
241–289.
Draine, B. T., 2009. Perspectives on interstellar dust inside and outside of the
heliosphere. Space Sci. Rev. 143, 333–345.
Draine, B. T., Lee, H. M., 1984. Optical properties of interstellar graphite and
silicate grains. Astrophys. J. 285, 89–108.
Draine, B. T., Salpeter, E. E., 1979, On the physics of dust grains in hot gas.
Astrophys. J. 231, 77–94.
Dwek, E., 1998. The evolution of the elemental abundances in the gas and dust
phases of the Galaxy. Astrophys. J. 501, 643–665.
Evans, A., 1994. The dusty Universe. Wiley, Chichester.
Fitzpatrick, E. L., Massa, D., 2007. An analysis of the shapes of interstellar
extinction curves. V. The IR-through-UV curve morphology. Astrophys. J.
663, 320–341.
Frisch, P. C., Slavin, J. D., 2013. Interstellar dust close to the Sun. Earth Planets
Space 65, 175–182.
Gauger, A., Balega, Y. Y., Irrgang, P. Osterbart R., Weigelt G., 1999, High-
resolution speckle masking interferometry and radiative transfer modeling
of the oxygen-rich AGB star AFGL 2290. Astron. Astrophys. 346, 505–519.
Gould, R. J., Salpeter, E. E., 1963. The interstellar abundance of the hydrogen
molecule. I. Basic Processes. Astrophys. J. 138, 393–407.
Groenewegen, M. A. T., 1997. IRC +10 216 revisited. I. The circumstellar dust
shell. Astron. Astrophys. 317, 503–520.
Hirashita, H., 2010. Shattering by turbulence as a production source of very
small grains. Mon. Not. R. Astron. Soc. 407, L49–L53.
Hirashita, H., Hibi, Y., Shibai, H., 2007. Far-infrared dust properties in the
Galaxy and the Magellanic Clouds. Mon. Not. R. Astron. Soc. 379, L70–
L74.
Hirashita, H., Li, Z.-Y., 2013. Condition for the formation of micron-sized dust
grains in dense molecular cloud cores. Mon. Not. R. Astron. Soc. 434, 974–
984.
Hirashita, H., Nozawa, T., Yan, H., Kozasa, T., 2010. Effects of grain shatter-
ing by turbulence on extinction curves in starburst galaxies. Mon. Not. R.
Astron. Soc. 404, 1437–1448.
Hirashita, H., Yan, H., 2009. Shattering and coagulation of dust grains in inter-
stellar turbulence. Mon. Not. R. Astron. Soc. 394, 1061–1074.
Hofmann, K.-H., Balega, Y., Blo¨cker, T., Weigelt, G., 2001, A multi-
wavelength study of the oxygen-rich AGB star CIT 3: Bispectrum speckle
interferometry and dust-shell modelling. Astron. Astrophys. 379, 529–539.
Hollenbach, D., Salpeter, E. E., 1971. Surface recombination of hydrogen
molecules. Astrophys. J. 163, 155–164.
Howe, A. R., Rafikov, R. R., 2013. Probing Oort Cloud and local ISM proper-
ties via dust produced in cometary collisions. Astrophys. J. 781, 52.
Hoyle, F., Wickramasinghe, N. C., 1969, Interstellar grains. Nature 223, 459–
462.
Inoue, A. K., 2011. The origin of dust in galaxies revisited: the mechanism
determining dust content. Earth Planets Space 63, 1027–1039.
Jones, A. P., 2012, Variations on a theme – the evolution of hydrocarbon solids.
III. Size-dependent properties – the optEC(s)(a) model. Astron. Astrophys.
452, A98.
Jones, A. P., Nuth, J. A., 2011. Dust destruction in the ISM: a re-evaluation of
dust lifetimes. Astron. Astrophys. 530, A44.
Jones, A. P., Tielens, A. G. G. M., Hollenbach, D. J., 1996. Grain shattering in
shocks: the interstellar grain size distribution. Astrophys. J. 469, 740–764.
Kennicutt, R. C., Jr., 1998. Star formation in galaxies along the Hubble se-
quence. Ann. Rev. Astron. Astrophys. 36, 189–231.
Kim, S.-H., Martin, P. G., and Hendry, P. D., 1994. The size distribution of
inter- stellar dust particles as determined from extinction. Astrophys. J. 422,
164–175.
Kru¨ger, H., Landgraf, N., Altobelli, N., Gru¨n, E., 2007. Interstellar dust in the
solar system. Space Sci. Rev. 130, 401–408.
Kuo, T.-M., Hirashita, H., 2012. Impact of grain size distributions on the dust
enrichment in high-redshift quasars. Mon. Not. R. Astron. Soc. 424, L34–
L38.
Lada, C. J., Lombardi, M., Alves, Joa˜o, F., 2010. On the Star Formation Rates
in Molecular Clouds. Astrophys. J. 724, 687–693.
Landgraf, M., Baggaley, W. J., Gru¨n, E., Kru¨ger, H., Linkert, G. 2000. Aspects
of the mass distribution of interstellar dust grains in the solar system from in
situ measurements. Journal of Geophysical Research 105, 10343–10352.
Mann, I., 2009. Interstellar dust in the solar system. Ann. Rev. Astron. Astro-
phys. 48, 173–203.
Mathis, J. S., Circumstellar and Interstellar Material. In: Allen’s Astrophysical
Quantities, fourth ed., Springer, New York, pp. 523–544
Mathis, J. S., Mezger, P. G., Panagia, N., 1983. Interstellar radiation field and
dust temperatures in the diffuse interstellar matter and in giant molecular
clouds. Mon. Not. R. Astron. Soc. 128, 212–229
Mathis, J. S., Rumpl, W., Nordsieck, K. H., 1977. The size distribution of in-
terstellar grains. Astrophys. J. 217, 425–433 (MRN).
Mattsson, L., 2011, Dust in the early Universe: evidence for non-stellar dust
production or observational errors? Mon. Not. R. Astron. Soc. 414, 781–
791.
McKee, C. F., 1989. Dust destruction in the interstellar medium. In: Interstellar
dust, Proceedings of the 135th Symposium of the International Astronomical
Union, Kluwer, Dordrecht, pp. 431–443.
Michałowski, M. J., Murphy, E. J., Hjorth, J., Watson, D., Gall, C., Dunlop,
J. S., 2010, Dust grain growth in the interstellar medium of 5 < z < 6.5
quasars. Astron. Astrophys. 522, A15.
Norris, B. R. M., Tuthill, P. G., Ireland, M. J., Lacour, S., Zijlstra, A. A., Lykou,
F., Evans, T. M., Stewart, P., Bedding, T. R., 2012. A close halo of large
transparent grains around extreme red giant stars. Nature 484, 220–222.
Nozawa, T., Fukugita, M., 2013. Properties of dust grains probed with extinc-
tion curves. Astrophys. J. 770, 27.
Nozawa, T., Kozasa, T., Habe, A., Dwek, E., Umeda, H., Tominaga, N., Maeda,
K., Nomoto, K., 2007. Evolution of dust in primordial supernova remnants:
Can dust grains formed in the ejecta survive and be injected into the early
interstellar medium? Astrophys. J. 666, 955–966.
Ormel, C. W., Min, M., Tielens, A. G. G. M., Dominik, C., Paszun, D., 2011,
Dust coagulation and fragmentation in molecular clouds. II. The opacity of
the dust aggregate size distribution. Astron. Astrophys. 532, A43.
Ormel, C. W., Paszun, D., Dominik, C., Tielens, A. G. G. M., 2009, Dust co-
agulation and fragmentation in molecular clouds. I. How collisions between
dust aggregates alter the dust size distribution. Astron. Astrophys. 502, 845–
869.
Pagani, L., Steinacker, J., Bacmann, A., Stutz, A., Henning, T., 2010. The ubiq-
uity of micrometer-sized dust grains in the dense interstellar medium. Sci-
ence 329, 1622–1624.
Pei, Y. C., 1992. Interstellar dust from the Milky Way to the Magellanic Clouds.
Astrophys. J. 395, 130–139.
Schmidt, K.-H., Boller, T., 1993. Nearby galaxies. III: Gas-to-dust ratio in the
interstellar medium of spiral and dwarf irregular galaxies. Astron. Nachr.
314, 361–370.
Steinacker, J., Pagani, L., Bacmann, A., Guieu, S., 2010. Direct evidence of
dust growth in L183 from mid-infrared light scattering. Astron. Astrophys.
511, A9.
Takagi, T., Vansevicˇius, V., Arimoto, N., 2003. Spectral energy distributions of
dusty galaxies. Publications of the Astronomical Society of Japan 55, 385–
407.
Tielens, A. G. G. M., 2005. The Physics and Chemistry of the Interstellar
Medium. Cambridge University Press, Cambridge.
Valiante, R., Schneider, R., Salvadori, S., Bianchi, S., 2011, The origin of the
dust in high-redshift quasars: the case of SDSS J1148+5251. Mon. Not. R.
7
Astron. Soc. 416, 1916–1935.
Weingartner, J. C., Draine, B. T., 2001. Dust grain-size distributions and ex-
tinction in the Milky Way, Large Magellanic Cloud, and Small Magellanic
Cloud. Astrophys. J. 548, 296–309.
Winters, J. M., Fleischer, A. J., Le Bertre, T., Sedlmayr, E., 1997. Circumstel-
lar dust shells around long-period variables. V. A consistent time-dependent
model for the extreme carbon star AFGL 3068. Astron. Astrophys. 326,
305–317.
Yamasawa, D., Habe, A., Kozasa, T., Nozawa, T., Hirashita, H., Umeda, H.,
Nomoto, K., 2011. The Role of Dust in the Early Universe. I. Protogalaxy
Evolution. Astrophys. J. 735, 44.
Yan, H., Lazarian, A., Draine, B. T., 2004. Dust dynamics in compressible
magnetohydrodynamic turbulence. Astrophys. J. 616, 895–911.
Yasuda, Y., Kozasa, T., 2012. Formation of SiC grains in pulsation-enhanced
dust-driven wind around carbon-rich asymptotic giant branch stars. Astro-
phys. J. 745, 159.
Zhukovska, S., Gail, H.-P., Trieloff, M., 2008. Evolution of interstellar dust and
stardust in the solar neighbourhood. Astron. Astrophys. 479, 453–480.
8
